Background
==========

Cardiac fibrosis serves an important role in the pathophysiology of cardiac disease and is correlated with elevated mortality in many heart diseases, such as sudden cardiac death, heart failure, and arrhythmia \[[@b1-medscimonit-23-3808]--[@b3-medscimonit-23-3808]\]. A key component of cardiac fibrosis is excessive extracellular matrix deposits in myocardial tissue \[[@b1-medscimonit-23-3808]\]. Growing evidence shows that cardiac fibroblasts play the pivotal role in the occurrence, development, and outcome of cardiac fibrosis \[[@b3-medscimonit-23-3808]--[@b5-medscimonit-23-3808]\]. PDGFs and their receptors (PDGFRs) are known to stimulate the activation and differentiation of fibroblasts into myofibroblasts, which possess abundant protein α-SMA and express massive protein collagens \[[@b3-medscimonit-23-3808],[@b6-medscimonit-23-3808],[@b7-medscimonit-23-3808]\]. Four PDGF ligands (PDGF-A, -B, -C, and -D) form five dimers (AA, BB, CC, DD, and AB) that bind to and activate two different tyrosine kinase receptors (PDGFRα and β) with different affinities \[[@b2-medscimonit-23-3808]\]. PDGF-D/PDGFRβ activates the cardiac fibroblasts through activation of the TGF-β1 pathway \[[@b6-medscimonit-23-3808]\]. Activated PDGFRα stimulates fibroblast proliferation by activating the AKT pathway \[[@b8-medscimonit-23-3808]\]. Although there are many studies focusing on the role of the PDGF/PDGFR pathway in cardiac fibroblasts \[[@b2-medscimonit-23-3808],[@b3-medscimonit-23-3808],[@b6-medscimonit-23-3808]--[@b8-medscimonit-23-3808]\], the definite mechanisms responsible for PDGF/PDGFR signaling in activation of cardiac fibroblasts has not been uncovered.

Cellular Kit (c-Kit), also known as SCF receptor or CD117, is a member of the PDGFR family receptors (also called type-III receptor tyrosine kinase family), which includes PDGFRs, FMS-like tyrosine kinase 3 (FLT3), and macrophage colony stimulating factor 1 receptor (CSF-1R) \[[@b9-medscimonit-23-3808]\]. After binding SCF, c-Kit is dimerized and activated by auto-phosphorylation of tyrosine residues in its intracellular domain \[[@b10-medscimonit-23-3808]\]. Activated c-Kit can activate various downstream signaling pathways, including PI3K, MAPK, and JAK/STAT \[[@b10-medscimonit-23-3808]--[@b12-medscimonit-23-3808]\]. The c-Kit signaling pathway play a critical role in regulating survival, proliferation, differentiation, apoptosis, motility, and migration of c-Kit bearing cells \[[@b11-medscimonit-23-3808],[@b13-medscimonit-23-3808]--[@b16-medscimonit-23-3808]\]. During the development of the heart, c-Kit is transiently expressed in cardiomyocyte precursors \[[@b17-medscimonit-23-3808]\]. Recently, c-Kit has been widely used as a surface antigen for identification and isolation of resident cardiac stem/progenitor cells (CPC) in the normal adult heart \[[@b18-medscimonit-23-3808]--[@b20-medscimonit-23-3808]\]. And c-Kit plays a crucial role in the growth and migration of human CPCs \[[@b13-medscimonit-23-3808]\]. In addition, some reports showed that c-Kit was also expressed in fibroblasts from the heart \[[@b17-medscimonit-23-3808],[@b21-medscimonit-23-3808]\]. Little is known, however, about c-Kit functions in the activation of cardiac fibroblasts.

In this study, we hypothesized that c-Kit plays an important role in regulating the occurrence of cardiac fibrosis and the activation of cardiac fibroblasts.

Material and Methods
====================

Mice treatment
--------------

A cardiac fibrosis mice model was established and treated as described previously \[[@b22-medscimonit-23-3808]\]. Briefly, C57BL/6 mice (10--12 weeks old, male) were randomly divided into four groups: vehicle (PBS), isoproterenol (ISO) (20 mg/kg, subcutaneous injection daily) (Sigma-Aldrich, USA), imatinib (40 mg/kg, intraperitoneal injection daily) (MedChem Express, USA), and ISO + imatinib for one week. After the aforementioned treatment, the mice were euthanized and the hearts were excised for biochemical analysis. Institutional Review Board approval was obtained from the Institutional Biosafety Committee of The First Affiliated Hospital, Sun Yat-sen University. All animal experiments adhered to the protocols approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University.

Cardiac fibroblasts isolation
-----------------------------

Cardiac fibroblasts were harvested from neonatal C57BL/6 mice (2--4 days old) and cultured as reported previously \[[@b23-medscimonit-23-3808],[@b24-medscimonit-23-3808]\].

Real-time quantitative PCR (RT-qPCR)
------------------------------------

Total RNA was extracted from the ventricle of the heart cells using TRIzol (Invitrogen, USA). Then 0.5 ug of total RNA was reverse-transcribed using TOYOBO ReverTra Ace kit (TOYOBO, Japan) according to the manufacturer's protocols. The primers sequences as follows:

1.  c-Kit, forward, 5′-GCAGGCTCATCCGCTCTGTAGT-3′,

2.  reverse, 5′-GGCATGTTCTTCCACTGGTCCAC-3′.

3.  Collagen I: forward, 5′-ACGTCCTGGTGAAGTTGGTC-3′, reverse,

4.  5′-CAGGGAAGCCTCTTTCTCCT-3′.

5.  Collagen III: forward, 5′-TGGCCCTGACCCAACTATGAT-3′,

6.  reverse, 5′-GCACTTTTTGCCCTTCTTAATGTT-3′.

7.  SCF, forward, 5′-GCACAGTGGCTGGTAACAGTTCAT-3′,

8.  reverse, 5′-TACAGTGGCTGATGCTACGGAGTT-3′.

9.  GAPDH, forward, 5′-CTCCTCCAAGGTCATCCATGACAACT-3′,

10. reverse, 5′-AACAAAGGGGCCATCCACAGTCTT-3′.

Quantitative PCR was performed in a LightCycle PCR system (Roche, Switzerland) by KOD SYBR qPCR Mix (TOYOBO) according to manufacturer's protocol. GAPDH acted as internal standard. Relative quantification of expression was performed with 2^−ΔΔCT^ method.

Western blotting
----------------

Total proteins were lysed by RIPA buffer (Beyotime, China). After centrifugation (4°C, 12,000 g for five minutes), protein concentrations were measured by Bio-Rad Protein Assay Kit (Bio-Rad Laboratories, CA, USA). SDS-PAGE was conducted to separate equal amounts of proteins, which were blotted onto PVDF membrane (Millipore, USA). After blocked with milk, the membranes were incubated overnight at 4°C with primary antibodies. Primary antibodies were as follows: rabbit anti-p-c-Kit (Tyr719) antibody, rabbit anti-c-Kit antibody (CST, USA); rabbit anti-α-SMA antibody, rabbit anti-p-PDGFRα (Tyr720) antibody, rabbit anti-PDGFRα antibody (Abcam, USA); and mouse anti-GAPDH antibody (Proteintech, USA). Afterwards, membranes were incubated with the second antibody (Invitrogen, USA) at 25 °C for one hour. Finally, the blots were detected with Kodak film developer (Fujifilm, Japan). The protein blots were analyzed by the ImageJ software.

Cell transfection
-----------------

The small interfering RNAs (siRNAs) used for cell transfection were synthesized by RiboBio Co., Ltd. (Guangzhou, China). The sequences were as follows: c-Kit, si-Kit1, 5′-CCGUGACAUUCAACGUUUATT-3′; si-Kit2, 5′-CUGUCUAGA AUUUACUCAATT-3′; negative control siRNA (si-NC), 5′-UUCUC CGAACGUGUCACGUTT-3′. All the siRNAs were transfected into cardiac fibroblasts using Lipofectamine 2000 Reagent (Life Technologies, Gaithersburg, MD, USA) according to the manufacturer's protocol. After 72 hours, the cells were harvested for testing the interfering effect by western blotting and RT-qPCR.

Co-immunoprecipitation (Co-IP) assay
------------------------------------

Cardiac fibroblasts were seeded into 100 mm culture dish and treated with PDGF-AA when cells reached 80--90%. Then, after 24 hour culture, the cells were lysed with lysis buffer at 4°C. The supernatants were collected by centrifugation at 4°C and quantified by the BCA assay. Briefly, 5 μg of rabbit anti-PDGFRα antibody was added into 500 μL (1 μg/μL) supernatants and then incubated overnight at 4°C. Then 60 μL protein A/G agarose beads (Thermo Fisher Scientific) were added to the antigen-antibody supernatants and incubation for two hours at 4°C. Afterwards, the cells were washed completely, and the co-immunoprecipitation (co-IP) product was obtained with 80 μL SDS-PAGE loading buffer. After incubation for five minutes at 100 °C, 40 μL of the co-IP products was used to perform western blotting analysis using anti-c-Kit antibody to validate the interaction between c-Kit and PDGFRα.

Statistical analysis
--------------------

The statistical analysis of the data was performed using GraphPad Prism (Version 6.0, USA) and SPSS (Version 16.0, USA). ANOVA with Tukey's multiple comparisons test was used for multiple comparisons and the Student's *t*-test was performed to compare the differences in the means of two experiment groups. A *p* value of \<0.05 was considered to be statistically significant.

Results
=======

C-Kit activity is enhanced in cardiac fibrosis model
----------------------------------------------------

In our previous study \[[@b22-medscimonit-23-3808]\], we successfully constructed a mice model of cardiac fibrosis using ISO. To assess the activity changes of c-Kit in a cardiac fibrosis model, we tested the phosphorylation state of c-Kit (p-Kit: Tyr719) in the hearts of cardiac fibrosis model mice by western blotting. As shown in [Figure 1A](#f1-medscimonit-23-3808){ref-type="fig"}, compared with that in the vehicle group, the myocardial phosphorylation form of c-Kit was significantly increased in the ISO treated group (*p*\<0.01). Interestingly, ISO + imatinib treatment significantly inhibited c-Kit activity compared to ISO treatment only. However, the total protein level ([Figure 1A](#f1-medscimonit-23-3808){ref-type="fig"}) and the mRNA expression ([Figure 1B](#f1-medscimonit-23-3808){ref-type="fig"}) of c-Kit were not significant changed among the four groups.

C-Kit kinase is activated in cardiac fibroblasts treated by PDGF-AA
-------------------------------------------------------------------

In our previous study \[[@b22-medscimonit-23-3808]\], we found that the PDGF-A expression was significantly increased in the ISO group model heart, and the kinase activity of PDGFRα also was enhanced in the heart of the cardiac fibrosis model. PDGF-AA (activated form of PDGF-A) treatment could activate the fibroblasts by binding and activating PDGFRα \[[@b25-medscimonit-23-3808]\]. These results indicated that PDGF-AA/PDGFRα was an important signaling pathway in the development of cardiac fibrosis induced by ISO. Next, we treated the primary cardiac fibroblasts with PDGF-AA (10 ng/mL) to explore the activity changes of c-Kit.

As shown in [Figure 2](#f2-medscimonit-23-3808){ref-type="fig"}, the expressions of α-SMA ([Figure 2A](#f2-medscimonit-23-3808){ref-type="fig"}) and collagens ([Figure 2B](#f2-medscimonit-23-3808){ref-type="fig"}) were significantly increased in the cardiac fibroblasts treated with PDGF-AA. Interestingly, PDGF-AA significantly increased the c-Kit activity in cardiac fibroblasts ([Figure 2A](#f2-medscimonit-23-3808){ref-type="fig"}) (*p*\<0.05). However, the total protein of c-Kit was not significant changed in activated cardiac fibroblasts compared to that in untreated cells ([Figure 2A](#f2-medscimonit-23-3808){ref-type="fig"}). Moreover, the activation of PDGFRα and the phosphorylation of c-Kit were decreased in PDGF-AA + imatinib treatment compared to PDGF-AA treatment ([Figure 2A](#f2-medscimonit-23-3808){ref-type="fig"}).

Inhibition c-Kit by siRNA reduces the activation of cardiac fibroblasts
-----------------------------------------------------------------------

Imatinib inhibits not only the activation of PDGFRs kinases but also the kinase activity of c-Kit \[[@b26-medscimonit-23-3808]\]. To further assess the role of c-Kit in the activation of cardiac fibroblasts, we utilized the siRNAs to inhibit the expression and the activity of c-Kit. As shown in [Figure 3A and 3B](#f3-medscimonit-23-3808){ref-type="fig"}, siRNAs (si-Kit1 and si-Kit2) significantly inhibited the mRNA level and the protein expression of c-Kit. After 48 hours of transfection with siRNAs, cardiac fibroblasts were treated with PDGF-AA and continually cultured for 24 hours. The kinase activity of c-Kit was significantly decreased in cardiac fibroblasts transfected with si-Kit1 or si-Kit2 when compared with that in cells transfected with si-NC ([Figure 4A](#f4-medscimonit-23-3808){ref-type="fig"}) (*p*\<0.05). Inhibition c-Kit by siRNAs significantly reduced the expressions of α-SMA ([Figure 4A](#f4-medscimonit-23-3808){ref-type="fig"}) and collagens ([Figure 4B](#f4-medscimonit-23-3808){ref-type="fig"}) (*p*\<0.05). However, the activity form and the total protein of PDGFRα were not significant changed among the three groups ([Figure 4A](#f4-medscimonit-23-3808){ref-type="fig"}). These data indicated that c-Kit played an important role in activation of cardiac fibroblasts and was a downstream factor of the PDGFRα signaling pathway.

PDGFRα directly binds c-Kit and stimulates the expression of SCF
----------------------------------------------------------------

Some reports have shown that PDGFRα could bind and activate c-Kit kinase in gastrointestinal stromal tumors (GIST) \[[@b27-medscimonit-23-3808]--[@b29-medscimonit-23-3808]\]. To investigate whether PDGFRα binds c-Kit in cardiac fibroblasts, we performed the co-IP assay. As shown in [Figure 5A](#f5-medscimonit-23-3808){ref-type="fig"}, PDGFRα directly interacted with c-Kit in cardiac fibroblasts. Due to the important role of fibroblasts in production of SCF \[[@b30-medscimonit-23-3808]\], we tested the mRNA level of SCF in the cardiac fibroblasts treated by PDGF-AA. As shown in [Figure 5B](#f5-medscimonit-23-3808){ref-type="fig"}, RT-qPCR results showed that PDGF-AA increased the mRNA level of SCF (*p*\<0.001).

Discussion
==========

Cardiac fibrosis is linked to many clinical cardiovascular diseases and pathological processes, and it causes heart failure, arrhythmia, sudden cardiac death, and other serious complications. Due to unclear mechanisms of cardiac fibrosis, there are currently no effective therapies to prevent its occurrence or halt its progression \[[@b2-medscimonit-23-3808]\]. PDGF is known as an important activated agent for fibroblasts and an inducer of extracellular matrix protein synthesis (e.g., collagens, fibronectin, and proteoglycans) \[[@b31-medscimonit-23-3808]\]. Overexpression of PDGFs in mice induces cardiac fibrosis \[[@b7-medscimonit-23-3808]\]. PDGFRs are strongly expressed in fibroblasts \[[@b6-medscimonit-23-3808],[@b32-medscimonit-23-3808]\]. After binding PDGFs, activated PDGFRs enhance fibroblast proliferation, migration, and differentiation \[[@b3-medscimonit-23-3808]\]. However, the definite molecular mechanisms that PDGF/PDGFR signaling uses to stimulate the activation of cardiac fibroblast have not been uncovered.

This is the first study exploring the role of c-Kit in the activation of cardiac fibroblast induced by activated PDGFRα. The c-Kit signaling pathway is often activated and plays an important role during injury in various tissues \[[@b11-medscimonit-23-3808]\]. C-Kit is expressed in the various cell types, including hematopoietic stem cells, mast cells, germ cells, vascular endothelial cells, and adult CPCs \[[@b11-medscimonit-23-3808],[@b15-medscimonit-23-3808],[@b33-medscimonit-23-3808]\]. Some studies have shown that c-Kit was negative in adult cardiac fibroblasts but positive in neonatal cardiac fibroblasts \[[@b21-medscimonit-23-3808],[@b34-medscimonit-23-3808]\]. Consistent with other report \[[@b21-medscimonit-23-3808]\], our results showed that c-Kit was expressed in neonatal mouse cardiac fibroblasts. Hence, we used neonatal mouse cardiac fibroblasts in the *in vitro* experiment.

Numerous studies have shown that c-Kit positive CPCs played an important role in myocardial regeneration and repair \[[@b13-medscimonit-23-3808],[@b17-medscimonit-23-3808],[@b18-medscimonit-23-3808],[@b20-medscimonit-23-3808]\]. In addition, c-Kit promoted growth and migration of CPCs through activating the PI3K/AKT and MEK/ERK pathways \[[@b13-medscimonit-23-3808]\]. Our data showed that inhibition of c-Kit weakened the expressions of α-SMA and collagens in cardiac fibroblasts, caused by PDGF-AA. Activated PDGFRα could provoke downstream signaling pathways such as the MRK/ERK pathway, the PI3K/AKT pathway, and the STAT3 pathway \[[@b35-medscimonit-23-3808]\]. So PI3K and ERK are the common downstream proteins of both PDGFRα and c-Kit in some cell types. These results indicate that activated c-Kit could accelerate the activation of cardiac fibroblasts.

PDGFRα and c-Kit are members of the PDGFR family and share a common topology consisting of an extracellular ligand-binding domain, a single spanning transmembrane domain, and an intracellular split kinase domain \[[@b9-medscimonit-23-3808]\]. Some studies have shown that c-Kit could heterodimerize with PDGFR family members (e.g., FLT3, PDGFRα, and PDGFRβ) and activate them \[[@b27-medscimonit-23-3808],[@b28-medscimonit-23-3808],[@b36-medscimonit-23-3808]\]. Similarly, PDGFRα binds and activates c-Kit in GIST cells \[[@b27-medscimonit-23-3808]\]. In our study, we found that PDGFRα bound c-Kit, and c-Kit kinase was provoked in the activated cardiac fibroblasts. These results indicated that activated PDGFRα bound and activated c-Kit in cardiac fibroblasts.

Imatinib has been widely used and approved in the treatment of GIST and BCR-ABL positive leukemia (chronic myeloid leukemia), and has dramatically improved the clinical outcomes of those cancers \[[@b37-medscimonit-23-3808],[@b38-medscimonit-23-3808]\]. Imatinib not only inhibits the kinases activation of c-Abl and PDGFRs but also restrains the activity of c-Kit \[[@b26-medscimonit-23-3808]\]. Imatinib inhibited the BCR-ABL/c-Abl, c-Kit, and PDGFRα potently with an IC50 of 0.6, 0.1, and 0.1 μM, respectively \[[@b39-medscimonit-23-3808]\]. This indicates that c-Kit and PDGFRα are more sensitive than BCR-ABL/c-Abl to imatinib. Indeed, the imatinib concentration required to inhibit the activity of c-Abl and achieve significant growth inhibitory effects in cells is at least 5 μM \[[@b40-medscimonit-23-3808]\]. We used 0.5 μM and 1.0 μM imatinib to treat the activated cardiac fibroblasts and the activity of PDGFRα and c-Kit not c-Abl was inhibited.

The biologically active SCF is a homodimeric protein that is primarily produced by fibroblasts \[[@b30-medscimonit-23-3808]\]. Our data demonstrated that the mRNA level of SCF was significantly increased in cardiac fibroblasts treated by PDGF-AA. SCF contributed to the migration of lung fibroblasts via an autocrine/paracrine mechanism \[[@b41-medscimonit-23-3808]\]. These data indicated that the autocrine or paracrine mechanism of SCF may play an important role in the activation of c-Kit and the process of cardiac fibrosis. In the future, we will assess the role of autocrine or paracrine of SCF in activation of c-Kit caused by PDGF-AA/PDGFRα.

Conclusions
===========

The results of this study have demonstrated that PDGF-AA/PDGFRα signaling activated cardiac fibroblasts by activating c-Kit. Our results illustrated the potential regulating effect of c-Kit in cardiac fibrosis, and provided new insight for activation of cardiac fibroblasts induced by PDGF-AA/PDGFRα signaling pathway. Meanwhile, this study indicated that c-Kit could be used as a potential therapeutic target for treatment fibrosis.
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![The kinase activity of c-Kit is enhanced in an animal model of cardiac fibrosis. (**A**) The lysates of heart tissues from a mice model treated with vehicle, imatinib (IMA), ISO, or imatinib + ISO for one week were analyzed for phosphorylation level of p-c-Kit (Tyr719) and total protein level of c-Kit. The western blotting results from one mouse in each group and the statistical analysis of the western blotting bands are shown. (**B**) The mRNA levels of c-Kit in hearts from four groups were tested by RT-qPCR. (n=5 for the vehicle group; n=8 for the imatinib group, the ISO group and the imatinib +ISO group). Data are expressed as mean ±SD. \* Indicated *p*\<0.05, and \*\* indicated *p*\<0.01.](medscimonit-23-3808-g001){#f1-medscimonit-23-3808}

![C-Kit kinase is activated in PDGF-AA-treated cardiac fibroblasts. (**A**) Mice cardiac fibroblasts were treated with PDGF-AA (10 ng/mL), imatinib (IMA)-0.5 (0.5 μM), IMA1.0 (1.0 μM), PDGF-AA + IMA-0.5, and PDGF-AA + IMA-1.0 for 24 hours. The lysates were analyzed for the expression of p-PDGFRα, PDGFRα, p-c-Kit, c-Kit, and α-SMA; quantitative analyses of p-c-Kit and α-SMA protein level are shown. (**B**) The mRNA expressions of collagen I and III were tested by RT-qPCR. The data are representative of three independent experiments. Data are expressed as mean ±SD. \* Indicated *p*\<0.05, \*\* indicated *p*\<0.01, and \*\*\* indicated *p*\<0.001.](medscimonit-23-3808-g002){#f2-medscimonit-23-3808}

![Inhibition effect of c-Kit by siRNAs. (**A**) Cardiac fibroblasts were transfected with si-NC, si-Kit1, and si-Kit2 and cultured for 72 hours. The mRNA expression of c-Kit was tested by RT-qPCR. (**B**) The lysates of transfected cardiac fibroblasts were analyzed by western blotting for the expression of c-Kit. The data are representative of three independent experiments. Data are expressed as mean ±SD. \*\*\* Indicated *p*\<0.001.](medscimonit-23-3808-g003){#f3-medscimonit-23-3808}

![Inhibition c-Kit by siRNA reduces the expression of fibrosis related genes in activated cardiac fibroblasts. (**A**) After 48 hours of transfection with si-NC, si-Kit1, and si-Kit2, cardiac fibroblasts were treated with PDGF-AA (10 ng/mL) and continually cultured for 24 hours. The lysates were tested for the expression of p-c-Kit, c-Kit, p-PDGFRα, PDGFRα, and α-SMA; quantitative analyses of western blotting bands are shown. (**B**) The mRNA expressions of collagen I and III in transfected cardiac fibroblasts were tested by RT-qPCR. The data are representative of three independent experiments. Data are expressed as mean ±SD. \* Indicated *p*\<0.05.](medscimonit-23-3808-g004){#f4-medscimonit-23-3808}

![PDGFRα directly binds c-Kit and stimulates the expression of SCF. (**A**) Cardiac fibroblasts were treated with PDGF-AA (10 ng/mL) for 24 hours. Lysates from the cardiac fibroblasts were immunoprecipitated with an anti-PDGFRα antibody or a nonspecific immunoglobulin G control (IgG), followed by immunoblotting with the anti-c-Kit antibody or anti-PDGFRα antibody. Protein input served as an immunoblotting control (input). (**B**) Cardiac fibroblasts were treated with PDGF-AA for 12 hours. The mRNA expression of SCF was tested by RT-qPCR. IP: immunoprecipitation; IB: immunoblotting. The data are representative of three independent experiments. Data are expressed as mean ±SD. \*\*\* Indicated *p*\<0.001.](medscimonit-23-3808-g005){#f5-medscimonit-23-3808}
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